We assess whether or not restored marshes in the San Francisco Estuary are expected to be sustainable in light of future landscape scale geomorphic processes given typical restored marsh conditions. Our assessment is based on a review of the literature, appraisal of monitoring data for restored marshes, and application of vertical accretion modeling of organic and inorganic sedimentation. Vertical accretion modeling suggests that salt marshes in San Pablo Bay will be sustainable for moderate relative sea level rise (3 to 5 mm yr-1) and average sediment supply (c. 100 mg L-1). Accelerated relative sea level rise (above 6 mm yr-1) and/or reduced sediment supply (50 mg L-1) will cause lowering of the marsh surface relative to the tide range and may cause shifts from high to low marsh vegetation by the year 2100. Widespread conversion of marsh to mudflat-"ecological drowning"-is not expected within this time frame. Marshes restored at lower elevations necessary to aid the natural development of channel systems (c. 0.5 m below mean higher high water) are predicted to accrete to high marsh elevations by the year 2100 for moderate relative sea level rise and sediment supply conditions. Existing rates of sediment accretion in restored fresh water tidal marshes of the Delta of greater than 9 mm yr-1 and slightly lower drowning elevations suggest that these marshes will be resilient against relatively high rates of sea level rise. Because of higher rates of organic production, fresh water marshes are expected to be less sensitive to reduced sediment availability than salt marshes. The ultimate long-term threat to the sustainability of tidal marshes is the interruption of coastal rollover-the process by which landward marsh expansion in response to sea level rise compensates for shoreline erosion. Bay front development now prevents most landward marsh expansion, while shoreline erosion is expected to accelerate as sea level rises.
Introduction
The large scale historic loss of tidal marsh habitat throughout the San Francisco Estuary has prompted major initiatives aimed at restoring extensive areas of diked former tidal marsh (Goals Project 1999; CALFED 2000; Steere and Schaefer 2001) . State, federal and local agencies have proposed restoration of between 13,000 and 26,000 ha of tidal marsh in San Francisco Bay (Goals Project 1999; Steere and Schaefer 2001) and 10,000 to 20,000 ha in the Delta (Hastings and Castleberry 2003) . Because of the large investment in tidal marsh restoration, the question of whether tidal marsh habitats will persist once restored needs to be addressed.
Tidal marshes are generally resilient but ephemeral landforms (Pethick and Crooks 2000) . The natural marshes of the San Francisco Estuary have historically been resilient features of the landscape, behaving dynamically to accommodate slow changes in sealevel and sediment supply (Atwater and others 1979) . However just as the estuary's landscape has been transformed in the last 150 years, so have certain key physical processes that affect the character and persistence of vegetated tidal marshes. Looking to the future, rates of sea level rise are expected to increase (IPCC 2001) , suspended sediment concentrations decrease (Beeman and Krone 1992; Oltmann and others 1999; Wright and Schoellhamer 2003) , and salinity gradients move upstream (Williams 1989) . Other processes, such as tidal range, local subsidence, and wind wave climate could also change. Moreover, differences in form and function between restored and natural marshes must be considered. Marshes are often restored on subsided lands, requiring estuarine deposition and/or fill to provide the conditions necessary for marsh reestablishment . Restored marshes are often lower in the tidal frame (the vertical range between high and low tides) and subject to higher rates of subsurface consolidation than natural marshes. We use a 100 year planning horizon for this article, with restoration planned within the next 20 to 30 years (CALFED 2000; Steere and Schaefer 2001) .
San Francisco Estuary Setting and Changes in Physical Processes

Site Setting
The San Francisco Estuary, in Central California, is one of the largest estuaries in the United States and has undergone a sustained period of anthropogenic modification over the past 150 years (Brown 2003; TBI 1998; Goals Project 1999) . The estuary consists of a series of interconnected marine bays which to the northeast give way to the Sacramento-San Joaquin River Delta (Figures 1 and 2 ). Tides are mixed semi-diurnal with diurnal ranges of approximately 2 m at the Golden Gate and San Pablo Bay, decreasing to 1 to 1.4 m in the Delta. The Delta is a predominantly freshwater tidal system, though salinities can reach 2 ppt in the west Delta during the summer (Conomos and others 1985) . San Pablo Bay is a more saline system, with salinities varying seasonally between approximately 4 and 30 ppt (sea water is approximately 32 ppt). Of the original 80,000 ha of tidal marsh present in San Francisco Bay in the mid-1800s, less than 10% exist today in pristine condition (Goals Project 1999 ). An additional 10,000 ha of marsh have been created through levee abandonment, restoration, or evolution from mudflats. In the Delta, ninety-five percent of the original 130,000 ha of tidal wetlands have been lost to reclamation (Atwater and Belknap 1980) , and as yet few sites have been successfully restored. In this article we will draw lessons from the northern reaches of the Estuary, concentrating in particular on the tidal salt marshes of San Pablo Bay (see Figure  1 ) and the tidal fresh water marshes of the Sacramento-San Joaquin River Delta (see Figure 2 ).
The Sacramento and San Joaquin rivers are the most important source of new sediment to the Estuary (Beeman and Krone 1992) . Material eroded from the watersheds of the Central Valley rivers is transported to the Estuary during large winter floods. Coarser sediments are deposited upstream on the floodplains, leaving the fine clays and silts to settle out in the shallows of Suisun Bay, San Pablo Bay, and occasionally, the South Bay (Buchanan and Ruhl 2000) . The transition from fresh to brackish waters causes the cohesive clays and silts to flocculate and settle from the water column more quickly (Allen 2000) . Sediment supply to the Bay is augmented by smaller sediment inflows from local tributaries. In the months following the winter flood deposits, wind waves resuspend muds and silts from the shallows, and tidal currents redistribute them to all parts of the Estuary (Krone 1979; Ruhl and Schoellhamer 2000) . The mudflats and shallows act as large sediment reservoirs, where seasonally deposited sediments can be reworked by wave action, then redistributed by tidal currents for eventual deposition on the marsh plains or in deep subtidal channels, or for discharge to the ocean.
Evolution
The Estuary has gradually formed over the last 10,000 years as a rising sea flooded former inland valleys at the mouth of the Sacramento and San Joaquin rivers. The initial rapid rise in sea level (approximately 15 to 20 mm yr -1 ) probably allowed only a thin, discontinuous fringe of salt marsh to develop along the expanding bay shoreline (Atwater and others 1979) . These marshes accreted vertically and retreated landward as marine waters transgressed-a geomorphic process known as coastal or estuarine "roll-over" (Allen 1990c; Pethick 1996) . By approximately 6,000 years ago sea level rise had slowed considerably and by 5000 years ago stabilized at about its current rate of 1 to 2 mm yr -1 (Atwater and others 1979; Bard 1998) . In the estuary's marine embayments, the high availability of reworked sediments and gentle rates of sea-level rise fostered conditions for the accumulation of minerogenic marshes which formed extensive marsh plains capable of accreting with rising sea-level (Atwater and others 1979) . Nearby, in the freshwater Delta, sedimentation was very different. Here minerogenic sedimentation was primarily in response to flood flows of the Sacramento and San Joaquin rivers and confined to the margins of their distributary channels. Distal from these internal deltas organic-rich marshes began to accumulate (Atwater 1982) .
Changes in Physical Processes
As well as directly impacting marshes through reclamation, human activity has altered the processes that sustained historic marshes. These processes include locally changing rates of relative rise in sea-level, changes in sediment supply, and changes in hydrology which are affecting the salinity regime.
Globally, the rate of eustatic sea level rise is expected to continue along its 20th century global warming induced accelerated trajectory, possibly attaining an average rate of about 3 mm yr -1 over the next 50 years (2000 to 2050), rising to an average rate of about 5 mm yr -1 over the following 50 years (2050 to 2100) (IPCC 2001) . There are some uncertainties in terms of the rate of the rise depending upon the model used and the emissions scenarios analyzed, but the total amount of eustatic sea-level rise is expected to lie between 0.09 and 0.85 meters projected for 2000-2100 with a central value of 0.4 m. This central value equates to a rate of rise some 2 to 4 times that during the 20th century.
The local rate of relative sea-level rise is a combination of the eustatic component with any large-scale tectonic and isostatic (crustal rebound) components and local-scale effects such as groundwater extractions. The tectonics of the Bay Area are complex. Little is known currently of the local rates of tectonic vertical movement though one study has suggested crustal subsidence of 2.7 mm yr -1 for the west Delta (Pittsburg) and 0 mm yr -1 for San Pablo Bay (at Sonoma Creek) (BCDC 1987) . Locally, dewatering and enhanced aerobic decomposition of diked former marshes has caused land surfaces to subside to near or below mean sea level (CDWR 1995; WCC and others 1998) . Subsidence is continuing to occur in leveed areas that are dry at least part of the year (Ikehara 1994) . Additionally, in certain areas, groundwater extraction and gas field pumping may well be contributing to local and regional subsidence (CDWR 1995) .
Within the northern reach of the Estuary sediment dynamics-sediment delivery by the rivers, sediment storage on marsh plains or in deep water, and sediment movement within the estuary-have changed significantly since the mid-1800s. Gilbert (1917) described many of the early land use changes and their affect on the sediment budget. Before colonization, the watershed was largely undisturbed and floodplains intact. This meant that sediment discharge to the Estuary was relatively low. By 1880, the combination of overgrazing, deforestation, floodplain reclamation and, most importantly, hydraulic mining caused huge increases in the amounts of sediment delivered to the Estuary. The balance changed again in the 20th century with the shut down of hydraulic mining, the construction of dams that captured sediment and reduced flood flows, and the elimination of natural marshes that acted as sediment sinks. As of 1990 the amount of sediment supplied to the Estuary had fallen to approximately 30% of its late 1800s peak (Gilbert 1917; Beeman and Krone 1992) . Over the next century, these decreases are expected to continue (Beeman and Krone 1992; Oltmann and others 1999; Wright and Schoellhamer 2003) . Sediment supply still appears to be higher than under pre-mining natural conditions, presumably because sediment from previous hydraulic mining and from channel incision downstream of dams (Wright and Schoellhamer 2003) is still being washed into the Estuary.
The impacts of this "pulse" in sedimentation are recognized within the landscape. Studies by Jaffe and others (1998) and Cappiella and others (1999) document mudflat deposition in San Pablo and Suisun Bays to have at first increased in response to the large pulse of hydraulic mining sediments, then decreased as the sediment supply diminished, resulting in current mudflat erosion. These studies are consistent with other studies showing a long-term trend of mudflat lowering and shoreline erosion in Corte Madera and Richardson bays (see Figure 1 ) in the north Central Bay (PWA 1993) .
Suspended sediments in San Pablo Bay typically average between 100 and 150 mg/ L, with a wide range of event-driven variations (USGS summaries of suspended sediment concentration data, e.g., Schoellhamer 1998, 1999; Ruhl 2000, 2001; Warner 2000 ; USGS unpublished data for Hamilton and Sonoma baylands; PWA 2002a). Since suspended sediment concentrations in the water column are sensitive to the extent and elevation of mudflats, lowering of the mudflats will cause suspended sediment concentrations to decrease over time.
Freshwater diversions have significantly reduced spring flows, resulting in the conversion of freshwater tidal wetlands to brackish and salt marshes (Williams 1989) . The salinity regime of the Estuary is expected to shift further as sea level rises (Goals Report 1999).
Concept of Geomorphic Sustainability
What does it mean to have a sustainable tidal marsh? In its widest sense, sustainability and sustainable development are defined in terms of protecting the world's resources so that current and future generations enjoy an equitable quality of life (WCED 1987) . The basis of this approach is that the foundations of world economies, and societal well being, are dependant upon the health and efficiency of environmental systems and the functions that they perform, e.g., resource production, climate stabilization, waste assimilation (e.g., Pearce and Warford 1993; Turner 1993; Crooks and Turner 1999) .
Ecosystems at all geographical scales tend to exist in transitory states and the concept of sustainability is to be distinguished from permanence (e.g., Beeby 1993; Sutherland 1998) . In dynamic systems such as coasts or estuaries, sustainable management of resources should not be seen only as preservation of a given landscape but instead as an adaptive process of land-use modification to accommodate long-term changing requirements (Carter 1988) . In this way positive aspects of system resilience are reinforced, allowing incremental changes to take place rather than sudden, possibly catastrophic, adjustment from one equilibrium form to another (Knighton 1998; Pethick and Crooks 2000) . These incremental changes may be quite large in response to largescale perturbation (such as sudden tectonic events) but system resilience will be maintained as long as an equilibrium form is reestablished in a time less than that of the disturbance event return interval (Knighton 1998; Pethick and Crooks 2000) .
The importance of replacing those critical functions that have or are being lost is also clear. In wetlands restoration there is a consensus that we need to ensure that a suitable template exists for wetlands to develop with the full range of morphological characteristics that, in turn, support a diverse and rich ecology (SWS 2000; NRC 2001; Zedler 2001; Simenstad and Warren 2002) . The complex nature of coastal systems means that it is not always a simple matter to restore intertidal wetlands at a site at which they historically occupied (Atkinson and others 2001; Zedler 2001; . Over time the shape of the estuary evolves, and to plan for sustainable restoration requires understanding of the dynamic equilibrium processes, both at landscape and local scales, that define the form and function of coastal, estuarine and wetland landform.
Tidal Marshes as Resilient Evolving Systems Geomorphic Response of Estuarine Systems to Relative Sea-Level Rise and Change in Sediment Delivery
Estuaries are highly dynamic environments and under natural conditions their form reflects an optimal dynamic response to an equilibrium that exists between the morphology (shape) of the estuary and the "forcing factors" or processes of waves, tidal currents and fluvial discharge. In essence, the most fundamental geomorphic function of the estuary is to attenuate wave energy of all periods, from wind waves to tides. Estuaries do this by transferring sediments from high to low energy areas in ways that tend to more evenly attenuate wave energy (Pethick 1996) . There is therefore a strong morphodynamic response as wave energy shapes the morphology, which feeds back to alter the local energy climate. The form and function of the coast therefore depends upon the nature of impinging energy climate and the nature and availability of sediment to attenuate that energy (Pethick and Crooks 2000) .
Changes in geomorphic factors such as sea-level or sediment supply result in a spatial redistribution of coastal landforms. Increasing water depths at the shore, for example, result in wave and tidal energy being propagated further within the estuary (Carter 1988) . In response, estuaries migrate landwards and upwards to maintain their position within the energy gradient. In this way as coastal energy levels increase, salt marshes migrate landwards to a lower energy location and may be eroded and replaced by mudflat and subtidal systems (Pethick 1996) . Large-scale coastal landforms, such as estuaries, respond to environmental change in the same way as do small-scale landforms, but the adjustment time is longer. Given adequate space, landward migration might not affect the wider estuarine system directly other than by internal translocation of smaller landforms. However, with the human development of many coastal floodplains, the space for relocation of the estuary has been lost.
Coastal development means that for some restored sites, there is no relocation space. Generally, perimeter levees border restored bayfront marshes so there is no opportunity for marsh transgression over gently sloped adjacent lands to compensate for marshes eroding at the bayfront edge. Thus, for restored marshes, sufficient sediments and biomass accretion must be available to maintain these marshes in light of sea level rise over the long-term. Additionally, ensuring that a suitable template is in place for functional restored creek systems is critical in sustaining a functional wetland ecosystem.
Dynamic Equilibrium of the Marshplain and Channels
Tidal marshes are sustained vertically by plant growth and sedimentation that tends to maintain marshplain elevations within a narrow band of the high intertidal range even as sea level rises. The long-term sustainability of a marsh at any given site depends on the relative rates of sea level rise, plant productivity, sediment deposition, and subsidence, which interact to maintain the marsh elevation in a dynamic equilibrium with tide levels (Figure 3 ) (Mitsch and Gosselink 1986; French 1993; Callaway and others 1996; Allen 2000; Morris and others 2002) .
Marsh elevation relative to the tides is somewhat self-regulating, since a lowering of relative marsh elevation results in more frequent inundation, which in turn increases sedimentation and decreases further subsidence by slowing the oxidation of soil organic matter (Mitsch and Gosselink 1986) . Conversely, the accretionary processes of plant production and sedimentation slow as the marshplain elevation rises relative to the tides (Krone 1985; Morris and others 2002) . Changes in the factors that affect marsh maintenance can cause a shift in relative marshplain elevation towards a new dynamic equilibrium (Allen 2000) . In response to accelerated sea level rise, for example, high marsh may gradually transition to low marsh with an accompanying shift in marsh vegetation. When the rise in sea level outpaces a marsh's maximum sustainable rate of accretion, the marsh gradually submerges until it can no longer sustain vegetation and becomes mudflat, a fate referred to as "ecological drowning" (French 1993 ).
Salt marsh vertical accretion under varying conditions of sediment supply and sealevel rise has been quantitatively modeled in a number of studies of minerogenic (sediment-dominated) salt marshes from a range of tidal coastlines (meso-macro) (Randerson 1979; Krone 1987; Allen 1990a Allen , 1990b Allen ,1995 Allen , 1997 French 1991 French , 1993 Callaway and others 1996; Temmerman and others 2003) and, less commonly, from studies of organogenic (vegetation-dominated) microtidal marshes (Chmura and others 1992; Morris and others 2002) . By extending these models it is possible to look at the effects of increased rates of sea-level rise (and/or sediment influx) on the marsh existence (e.g., French 1993) .
The basis of these models is essentially a mass balance calculation reflecting the change in surface elevation over time, relative to the moving tidal frame in response to mineral and organic sedimentation rates, and the rate of sea-level rise. By specifying the sediment supply, tidal and sea-level regimes, and initial elevation, the mass balance equation may be integrated over time to reflect the growth of a young marsh from intertidal flat or the response of a well established wetland to sea-level fluctuations. There are still several gaps in the models that have yet to be accounted for. These include spatial variability in sedimentation, long-term consolidation of sediments, changes in organic sedimentation (root remains etc.) with relative marsh elevation, and the contribution of vegetation to increased sediment trapping efficiency (Eisma and Dijkema 1997; Allen 2000; Morris and others 2002; Reed 2002a) . Nevertheless modeling provides a way to integrate the processes that affect marsh accretion and to predict marsh response to future scenarios. From Callaway and others (1996) .
Across the marsh surface, channel networks are in a dynamic equilibrium with tidal flows (Steel and Pye 1999; Zeff 1999; Allen 2000) . Firstly, studies of hydraulic geometry indicate that bankfull and peak tidal velocities increase only gradually if at all in the downstream directions (Bayliss-Smith and others 1979; French and Stoddart 1992) . Channel dimensions increase downstream, indicating an equitable distribution of timeaveraged bed shear stress throughout the channel system. Secondly, salt marsh sloughs behave hydraulically much like tidal inlets (O'Brien 1931; Diekmann and others 1988; Hume and Henderdorf 1993) and larger estuarine channels (Pethick 1996; Lowe 2000; Pethick and Crooks 2001) in that there is a strong relationship between the cross-sectional area of the channel and the volume of the flow passing through that channel over a tidal cycle (known as the tidal prism).
These equilibrium relationships imply that, as the conditions that determine the flow of water on to and off the marsh change with time, the morphology of the sloughs adapts to accommodate those changes. In this way as a tidal marsh accretes from a young lowelevation immature marsh towards high-elevation maturity, the slough network adopted from the precursor mudflat first expands into the marsh and then fills in (Steel and Pye 1999) . This slough evolution reflects the changing need for water and sediment to be transferred through a channel system relative to over-marsh flow and the incompetence of weak currents to clear channels of sediment in high back marsh areas.
Characteristics of Restored Marshes
The preponderance of former marshes available for restoration in the estuary are diked and subsided, with many sites subsided below elevations at which emergent vegetation will colonize (Goals Project 1999; . Restoration must therefore compensate for this legacy of subsidence by building mudflats high enough in the tidal frame for vegetation to colonize, generally relying on natural vegetative recruitment. Because restored marshes may be lower in the tidal frame than natural marshes and subject to additional autocompaction, they can respond differently than natural marshes to the same ongoing physical and vegetative processes.
Restoration Approaches in the Bay
The restoration approach commonly used in San Pablo Bay and other regions of San Francisco Bay is to strategically breach perimeter dikes enabling estuarine sedimentation to build mudflats that accrete to tidal elevations at which marsh vegetation can colonize (Figure 4 ) (Siegel 1998; Goals Project 1999; Williams and Faber 2001; . Channels form through differential deposition and tidal scour as the mudflats accrete, and are further defined as vegetation becomes established (French 1993; Beeftink and Rozema 1988; French and Stoddart 1992) . Sometimes imported dredged material fill is used to raise site elevations prior to breaching, speeding the restoration process (e.g., PWA and others 1999). However, because overfilling can inhibit channel formation , even marshes restored using fill are designed to be lower in the tidal frame than natural marshes. Creating marshes low in the tidal frame, but at elevations at which halophytes can colonize, is necessary to provide the right conditions for slough networks to develop naturally, thus maximizing the ecological benefits of the restoration. Given the reliance on natural processes to restore marsh functions in San Pablo Bay, restoration is a process that occurs gradually, over a time frame of decades .
In this article, a restored marsh is defined as one that has completed the transition from mudflat to vegetated plain. For San Pablo Bay, the geomorphic transition between mudflat and low marsh lies at or about the mean tide level (1 m below mean higher high water, MHHW). The elevation at which this low marsh gives way to high marshplain occurs some 0.8 m above mean tide level (at or about 0.2 m below MHHW) (Atwater and Hedel 1976; Goals Project 1999) . These transitions are for established vegetation, though there are some data (Siegel 1998; authors' unpublished data) showing that mudflats must reach a higher elevation, near 0.4 m above the mean tide level, before they will colonize rapidly by seed or fragment. Once established, however, they will spread by rhizome extension and persist as low as mean tide level. Restored marshes lower in the tidal frame than mature marshes are more susceptible to ecological drowning under low sediment or high sea level rise scenarios (Morris and others 2002) . Also, creating restored marshes lower in the tidal frame requires that a considerable amount of accommodation space be filled by natural sedimentation as the marsh accretes to a fully developed mature state. Such an evolution requires the accretion of sediment at a rate above that of sea-level rise.
Restoration Approaches in the Delta
Because few tidal marsh restorations are in planning or have been completed in the Delta, there is not a restoration approach that can be characterized as typical. The few restorations or abandoned levee breaches on diked subsided lands have resulted primarily in the creation of shallow subtidal open water (e.g., Big Break, Mildred Island) or islands of vegetated marsh on fill mounds within open water areas (Donlon Island, Venice Cut, Cache Slough mitigation area), rather than vegetated marshplain with channels. A small project (6 ha) on Decker Island where tidal marsh and channels have been restored is atypical because the site was initially filled, not subsided.
Lands available for restoration in much of the Delta tend to be deeply subsided, more so than in the Bay, and well below elevations at which emergent vegetation can become established. On natural marshes, freshwater emergent vegetation generally grows within the intertidal zone and slightly below, extending to depths of 0.2 m below mean lower low water (Simenstad and others 2000; Hart and others 2003) . Sedimentation rates in much of the Delta are low (Simenstad and others 2000) , with particles kept in suspension by the slow settling velocities of the unflocculated fine sediments and high wind wave activity across large flooded sites. Because of this, even on shallowly subsided sites breached nearly 100 years ago in the central and west Delta insufficient sediment had accumulated for vegetation to become re-established (e.g., Sherman Lake and Big Break) (Simenstad and others 2000) .
Thus, the restoration approach currently being pursued in the Delta is to use fill to raise the site to elevations at which emergent vegetation can establish prior to breaching (Schmutte and others 1998) . With subsidence commonly on the order of 3 to 5 m, sources of fill are extremely limited compared to the volume needed for tidal marsh restoration in the Delta (PWA 2002; SSFBA 1999) . Several traditional and alternative sources of fill are being evaluated, including dredged material, in situ biomass accretion, and alternating layers of vegetation and dredged material (SSFBA 1999; PWA 2002; Deverel 2003) . Reclaimed areas in the Delta are vulnerable to further consolidation if loaded with fill material because of the low bearing capacity of the peat substrate (PWA 2002b) . Because of the degree of reclamation-induced subsidence and the lower bearing capacity of substrate material, engineering the conditions for freshwater tidal marsh restoration in the Delta is considerably more difficult than creating similar template conditions for salt marsh habitat in San Pablo Bay.
To date, only the Decker Island restoration has included the construction of tidal channels. These channels were graded into consolidated fill. Excavation of channels on newly placed, low bearing capacity fill will require the use of specialized methods and equipment.
Anticipated Vertical Response
In defining whether marshes restored in the Estuary will be sustainable into the future a number of lines of evidence must be pulled together. It is clear from historic mapping (Atwater and Belknap 1980; Goals Project 1999 ) that marshes were well established during the late Holocene at a time when sediment fluxes to the Bay were at a rate lower than at present (Gilbert 1917) . This indicates that once marshes have reached a mature state, they can maintain their relative tidal elevations under existing low rates of sea-level rise, even under conditions of low sediment availability.
Assuming that marshes are restored to the required elevation for halophyte colonization, what evidence is there to indicate that accretion would continue to keep pace with sea level rise and viable future salt marsh would result? In the following section we evaluate the vertical response of restored marshes to predicted changes in sea level and sediment supply using empirical data and accretion modeling.
San Pablo Bay
Empirical Evidence
Empirical accretion data are available from monitoring of several restored marshes (Table 1) . Since accretion varies with marsh elevation such that low marshes receive more inorganic sedimentation, we present empirical accretion data for low and high marshes separately. Monitoring results from restored marshes suggest low marsh accretion rates on the order of 18 to 70 mm yr -1 (Table 1) , with wide variations (8 to 80 mm yr -1 range). Data for three rapidly accreting high marsh areas suggest accretion rates on the order of 3 (at least) to 10 mm yr -1 . The range in data is considerable, 1 to 38 mm yr -1 . Other high marsh accretion data are available, but most only indicate that surface sedimentation is occurring at a rate similar to sea-level rise, averaging 1 to 2 mm yr -1 (Atwater and others 1979).
Several points must be borne in mind when considering the high accretion rates above. Short-term data such as this are not representative of older, more consolidated marsh deposits. Some of the periods of record are very short, 1 to 6 years. Sedimentation at Greenpoint and other sites at the mouth of the Petaluma River has been observed to be higher than at other marshes in San Pablo Bay. Methods that rely on monitoring accretion above buried marker horizons or surface plates do not account for sub-surface autocompaction and so tend to overestimate true elevation change. Where organic accumulation below ground is significant, sedimentation plate methods may fail to recognize the importance of this contribution to marsh surface elevation change (see discussion in next section). Overall, empirical data do not tell us whether the marsh is maintaining its elevation relative to rising water levels. That said, these data also do not define the maximum potential for accretion as sea-level rises. At best the data may suggest a steady ability of the marshes to maintain or increase their elevation under existing conditions. Peyton Hill marsh, although a brackish marsh at the time of maximum accretion (3 mm yr -1 , approximately 3000 years before present) (Goman and Wells 2000) , provides a point of comparison for the San Pablo Bay marshes. Another point of comparison, albeit for a more sediment-rich area (Beeman and Krone 1992) , is the apparent ability of marshes in the Alviso Slough area of the South Bay to withstand high rates of submergence. These natural tidal marshes were until recently subject to several decades of high local subsidence on the order of 29 mm yr -1 (BCDC 1987) . Today, these marshes are observed to support vegetation characteristic of high marsh. Accretion estimates from other United States and United Kingdom coastal marshes generally range between 0 and 16 mm yr -1 (Callaway and others 1996; Bricker-Urso and 
Modeling Studies
The second line of evidence used to determine whether marshes will maintain their elevation relative to rising tidal waters is developed though predictive modeling. Here, we utilize a mass balance approach to analyze the vertical changes in both high (mature) and low (immature) marshplain elevations in response to sea level rise and under reasonable scenarios for suspended sediment concentrations. The model is a variant of that first developed by Krone (1987) , relating mineral sedimentation to hydroperiod and suspended sediment concentration. We have adapted the Krone model to include a constant organic accretion rate, consistent with the approach of French (1993) . We used a dry density of inorganic sediment equal to 500 kg m -3 , representative of low marsh soils as measured by Pestrong (1965) for South Bay marshes. We assumed a constant organic accretion rate of 1 mm yr -1 . This assumption is a general approximation based on soil density and organic content data collected by Collins and others (1987) for the ancient Petaluma marshes, cross-checked against a limited number of estimates for autumnal above ground dry weight biomass (Collins and others 1987; Atwater and others 1979) .
The model is run under a range of steady-state sea-level rise conditions (1, 3, 5, 6 and 11 mm yr -1 ) spanning the low, mid and high estimates of the IPCC (2001) scenarios. Tectonic subsidence, subsurface organic decomposition and autocompaction are incorporated implicitly but simplistically within these relative sea-level rates. Three conditions of sediment availability are modeled. The mid value (100 mg L -1 ) roughly approximates average sediment currently available in San Pablo Bay (see previous discussion in Site Setting). High (150 mg L -1 ) and low (50 mg L -1 ) suspended sediment concentrations are intended to reflect a reasonable range of future variation. The low estimate represents potential future reductions in sediment supply from the declining hydraulic mining sediment pulse and possibly also from extensive marsh restorations sequestering sediment from general circulation. Initiated at both high (MHHW) and low (0.5 m below MHHW) marsh elevations, each combined sea-level rise and sediment availability scenario is run to predict the respective marsh surface after 100 years ( Figure  5 ) and the long-term equilibrium marsh elevation (Figure 6 ).
The model outputs show that as sediment concentrations fall and/or rates of relative sea-level rise increase, the equilibrium marsh plain elevation falls relative to the tidal frame. Under present conditions of sediment availability (c.100 mg L -1 within the water column) and rates of expected sea-level rise of 3 mm yr -1 , the model suggests that the high marsh plain will maintain its elevation at high marsh levels ( Figure 5A ). At rates of sea-level rise above 3 mm yr -1 , the mature marsh plain elevation slowly declines relative to MHHW and over the period of 100 years fall near or below the threshold of low/high marsh. It remains well above the "drowning" elevation, however, which we assume to be the low end of the elevation range for marsh vegetation, or approximately 1 m below MHHW.
Under conditions of greater sediment availability (150 mg L -1 ), the model predicts that the marsh plain is capable of sustaining relative sea-level rise of up 6 mm yr -1 (Figure 6 ). Conversely, and importantly when considering future restoration actions, under conditions of reduced sediment availability (50 mg L -1 ) the marsh plain elevation will decline significantly relative to the tidal frame over the next 100 years. While the falling sediment supply will not result in extensive marsh drowning by the year 2100-except under extremely high rates of sea-level rise above those modeled-it will result in greater areas of low marsh being created relative to high marsh. With continued low sediment availability, marshes continue to lower relative to the tidal frame after the year 2100 and drowning is predicted for the highest sea level rise conditions (Figure 6 ).
Evolution from low marsh elevations requires that considerable sedimentation takes place before an equilibrium marsh plain is attained. At mid-range sediment concentrations and rates of sea-level rise of 5 mm yr -1 or less, immature marshes will accrete to high marsh elevations over the next 100 years ( Figure 5B ). Under conditions of greater sediment availability (150 mg L -1 ), the model predicts that the marsh plain is capable of rising from low to high marsh within 100 years with a sustained relative sea-level rise of up 6 mm yr -1 (Figure 6 ). The build up of centennial marsh around the margins of the Bay supports these model results. At higher rates of sea-level rise or lower availability of sediment the final elevation is suppressed and may never develop beyond low marsh. Again at low sediment supply the marsh elevation does not stabilize at an equilibrium level but will continue to subside relative to the tidal frame after AD 2100 for the higher sea level rise conditions. When considering the results from this vertical accretion modeling study the role of plant production and other model parameters as uncertain variables should be made clear. Organic sedimentation is an important parameter in maintaining marsh elevations. It is, however, highly regionally variable and is poorly quantified in the Bay area. It is also currently unclear how the contribution of organic sedimentation varies as marshes accumulate from low marsh to high marsh conditions. Here we incorporated a reasonable estimate of constant organic sedimentation rate based upon very limited data of marsh organic accumulation. It is not certain how representative this value is of marshes around the Estuary, and so over-or under-estimations will have some implications for the accretion rate of the marsh surface. Inorganic sediment density is another source of model uncertainty. We selected a value consistent with limited marsh sediment measurements, but additional data are needed to characterize representative values and ranges. Further quantification of marsh carbon cycling and calibration of vertical accretion is required to reduce model uncertainty.
As a final note, the amount of accretion required to keep pace with rising sea level will be increased by the extent of sediment auto-consolidation beneath the marsh surface. All marshes are subject to ongoing consolidation of the underlying substrate (Skempton 1970; Callaway and others 1996; Crooks 1999 ), but consolidation can be greater for restored marshes than for natural marshes. Loosely consolidated muds that are deposited by estuarine sedimentation or imported to the site consolidate over the first few Approximate drowning elevation years following restoration (Swent 2001; Siegel, personal communication, see "Notes") . Subsidence of fill material has not been included within this model. At the Hamilton Wetland Restoration, dredged material is expected to consolidate by some 0.3 m after placement (WCC and others 1998) . Initially this is a rapid process, the rate of which declines with time but may continue for several months or years after tidal reactivation. Similar consolidation effects may well be transferred to underlying material if the site is loaded with significant quantities of material.
The Delta
Marshes in the Delta are sustained primarily by the accumulation of low density organic rich soils-typically 50% organic content (Atwater and Belknap 1980)-derived from surface vegetation growth (Atwater and others 1979) . The predominant vegetation type is tule (Scirpus acutus, S. californicus, and S. americanus), with cattails (Typha sp.) and common reed (Phragmite spp.) (Atwater 1982) . Apart from the north Delta where the Sacramento River supplies high levels of fluvial sediments, and the west Delta, which borders the marine mudflats, mineral sediments are transferred fairly efficiently through the system to Suisun and San Pablo bays. The vertical accumulation of these freshwater marsh plains depends primarily upon the accumulation rate of organic remains determined by a combination of the vegetation growth capacity and the potential for organic matter preservation once buried (Atwater 1982) . This latter parameter is currently limiting natural marsh accumulation as organic material deposited above the water table decomposes under oxic conditions. Only after the material has been buried beneath the water table is significant preservation of previous accumulation possible.
The few available empirical data on Delta marsh accretion suggest accretion rates on low marsh of around 9 to 18 mm yr -1 (Goman and Wells 2000; D. Reed, personal communication, see "Notes") . Radiometric dating of cores by Reed (personal communication, see "Notes") provides accretion rates of 9 mm yr -1 at Sherman Lake (31-year average) and 18 mm yr -1 at Lower Mandeville Tip (18 year average). These are both low elevation restored marshes, 0.4 m and 0.6 m below mean higher high water, respectively (Simenstad and others 2000) . Historic rates of accretion for natural (high elevation) marsh at Brown's Island have ranged as high as 3 to 4 mm yr -1 sustained over several decades in response to rapid sea level rise (Goman and Wells 2000) . These historic rates of accretion were limited by the concurrent sea level rise, so do not necessarily represent the potential maximum. Additional short-term accretion data are available, but may not prove representative of longer-term rates. An ongoing study by the USGS to measure accretion in permanently flooded (managed) wetlands has found initial accretion rates of 26 mm yr -1 (with a wide variation) over a three year period (Drexler and others 2003) . Monitoring of several restored Delta sites using Sediment-Erosion Tables  (SETs) , which provide elevation change including autocompaction and below ground biomass production (Boumans and Day 1993) , suggest initial accretion rates that vary from nearly zero at Sherman Lake and Lower Mandeville Tip, to 6 to 12 mm yr -1 at Old Prospect West over a period of approximately two years (Reed 2002b ).
The Sherman Lake and Lower Mandeville Tip accretion rates of 9 mm yr -1 and 18 mm yr -1 , respectively, are considered most representative of restored marsh conditions, though they will overestimate accretion of older, higher marshes. It therefore seems likely that accretion rates, sustained in large part by organic accretion at the vegetated surface, are sufficiently high to maintain established marsh elevation against relatively high rates of sea-level rise. If marsh surface lowering does occur, marshes in the Delta will be more resilient to drowning than those in San Pablo Bay because of the greater vertical range over which freshwater emergent vegetation persists. The low end of the vegetation range in the Delta is approximately to1.2 to 1.6 m below MHHW (compared to approximately 1 m below MHHW in San Pablo Bay).
If fill placement is used to restore marshes, consolidation of the fill material and underlying peat soils may be significant. Dredged material mounds placed on Donlon and Venice Cut Islands as part of marsh restoration settled by an average of 0.3 m (range: 0 to 0.6 m) in the two years after placement (analysis of data from USFWS and USACE 1990), which may help explain observed changes in vegetation type from higher to lower marsh species during this time period. A typical wetland restoration in the central Delta might require placement of 3 to 4 m of fill on 3 to 6 m of existing peat (CDWR 1995) . If earth fill were used, subsidence would be considerable (Table 2; PWA 2002b) . Investigations are currently underway to identify other sources of fill that will be more economical and less likely to cause subsidence (Schmutte and others 1998) . Vulnerability to subsidence could result in the drowning of restored freshwater tidal marshes after restoration or in internal breakdown of marshes if differential subsidence occurs.
Assumptions: Cc/(1 + e 0 ) = 0.52; Saturated Unit Weight = 10.2 kNm 2 ; pre-consolidation pressure at peat surface of 200 pounds per square foot (9.58 kNm 2 ); sand fill. Sources: K. Tillis and P. Carlston, personal communication, see "Notes." It is important to note the fill described in this table is placed under fully saturated conditions, meaning that the permanent watertable extends throughout the peat substrate to the surface of the deposited fill material. If the watertable were to fall such that the fill were to become partially or fully drained then the increase in effective loading would result in considerably increased amounts of peat consolidation. Thus the primary problem facing wetland restoration in the Delta is not one of sustaining organic accumulation once a suitable marsh elevation has been achieved, but rather providing the elevations for marsh vegetation to initially become established. Large amounts of fill material will be needed to raise deeply subsided lands and, on this peatrich substrate, may cause extreme substrate consolidation and marsh drowning.
Anticipated Marsh Planform Response
As described above, the resilience of coastal wetland systems is supported by their freedom to relocate in response to changing environmental conditions. Landward expansion of the Estuary's marsh plains was important for maintaining the extent of marsh and mudflat habitats by offsetting bayside losses due to sea-level rise and wind wave erosion (Atwater and others 1979) . Today, levees and fills have created a "hard edge" at the upland margin of the Estuary that prevents the landward expansion of the marshes. Yet shoreline erosion is expected to continue, reducing the overall extent of restored and natural marsh. The planform (as seen looking down from above) sustainability of a particular marsh restoration will depend upon its location within the estuary and site specific features such as levee protection from off-shore waves.
On a natural marsh there is generally a gradual slope from high marshes down through mudflats to the subtidal, reflecting the balance between erosion and sedimentation processes. The large mudflats of San Pablo Bay are important for shoreline protection because they absorb wave energy before it reaches the marsh shore. The higher the mudflat elevations, the more wave energy is absorbed and the less marsh erosion occurs (Carter 1988; PWA 1993 ). Jaffe and others (1998) have estimated a net lowering of 6.5 mm yr -1 over the shallows of San Pablo Bay between 1951and 1983. Typical shoreline erosion for San Francisco Bay during this period was on the order of 0.9 m yr -1 (SFEP 1991) . Acceleration of sea level rise and possible decreases in sediment supply will worsen the potential for future shoreline erosion.
Restoring marshes in sheltered environments behind levees protects the developing site from externally generated wave attack. While this approach of "breach-restoration" provides a sheltered location for a marsh to develop, the down side is that the linkage between the marsh and adjacent mudflat is reduced. In exposed locations, enhanced rates of erosion external to the site may induce a loss of adjacent mudflat habitat. Although shoreline erosion results in direct marsh loss, it also helps sustain the shallow mudflats and adjacent marsh. Some of the sediment released from the eroding marsh contributes directly or indirectly via mudflat storage to future accretion on nearby marsh surfaces (Reed 1988) and some is transferred to the adjacent subtidal mudflat to reduce the impinging wave energy (Pethick 1996) .
At Muzzi Marsh (Figure 7 ) and White Slough, wave action is eroding the outer levee. Indeed, providing sacrificial rather than durable levees may be a desirable design procedure at some locations. For instance, over the first few decades of restoration a sacrificial levee may provide a protective environment during which time a high marsh can become established. As the levee degrades, this marsh will naturally reconnect to the adjacent open shore where it can take upon those landscape-level geomorphic functions of providing space for estuarine expansion (roll-over), buffering sediment to the mudflat, as well as creating transitional habitat. Unlike the Bay, the Delta has no single large open water bay over which wind waves build up. However, wind waves can be a significant source of erosion on the downwind side of moderately sized (1,300 ha) flooded islands (or polders) such as Franks Tract and Sherman Lake. It has been observed that waves generated internally on the shallowly subsided flooded island of Frank's Tract (see Figure 2) cause erosion of the levee on the downwind side of the former tract. Beyond this levee, escaping waves have been observed to propagate beyond the island to induce substantial erosion of nearby natural marshes (Fox 1996) .
Erosion caused by boat wakes (Bauer and others 2002 ) is a factor along the channels where many remnant marshes of the Delta are located. The restored Lower Mandeville Tip site (see Figure 2 ) has eroded at a rate of approximately 0.8 to 1.6 m yr -1 since 1937 (Simenstad and others 2000) . The marsh plain at this site experiences direct wave attack from boat traffic on the Stockton Deepwater Ship Channel. Marsh areas adjacent to artificial channel cuts (navigation channels and external levee borrow pits) are particularly vulnerable to erosion because there are no natural or human-constructed levees adjacent to the cut to reflect or absorb wave energy. An additional erosion consideration in the Delta is that the relatively narrow and steep mudflats that separate marshes from deep channels offer little protection from steep waves generated by boats (BCDC 1988) .
Channels in restored marshes are expected to evolve toward a configuration of dynamic equilibrium with tidal flows. Observations of restored channels that form from mudflat channels or that re-occupy historic marsh channels suggest that they can remain quite stable in their planform locations over time periods of decades. For example, comparison of historic and recent aerial photographs indicates that channels have been stable at the centennial marshes of China Camp, at outer (east) Muzzi Marsh where channels re-occupied historic locations, and Faber Tract where channels formed on placed dredged material. Evidence from mature natural marshes, for which a longer history is available, indicates that channel locations have been quite stable since the mid1800s (Pestrong 1965; Grossinger 1995) .
Restored channels may change rapidly when their initial configuration is out of balance with equilibrium processes. For example, personal observations of an oversized excavated channel at inner (west) Muzzi Marsh indicate that the channel filled in with sediment significantly within the first decade. Hydraulic modeling and equilibrium channel metrics developed for the San Francisco Estuary (e.g., Williams and others 2002; Simenstad and others 2000; PWA and others 1995; Grossinger 1995) can be used to assess the potential for rapid initial change of a restored channel. Not all adjustments towards equilibrium will be rapid, however. Inner Muzzi Marsh, parts of Faber Tract, and Pond 3 (see Figure 1 )-all filled to high marsh elevations with minimal initial channel excavation-have yet to develop significant new channels through natural tidal scour over 20 to 30 years . This is thought to be a factor of the small scouring flows (small hydraulic duty) at these sites and the high erosion resistance once marsh vegetation becomes established. Actual rates of channel adjustment at a given site will depend on a number of factors such as tidal velocities, sedimentation, and soil erodibility characteristics.
After any initial period of adjustment, changes in channel depth and width are expected to be minimal in restored marshes that keep pace with rising sea level, since tidal prism will remain relatively constant. If the marsh surface lowers relative to the tides, over marsh tidal prism will increase and lead to channel deepening and widening, the extent of which can be estimated from equilibrium channel geometry relationships (e.g., Williams and others 2002; Simenstad and others 2000; PWA and others 1995) . One study from the UK indicates that channel density is also a function of relative marsh elevation, with maximum drainage density occurring on marsh plains that are slightly above mean high tide (Steel and Pye 1999) . Above this optimal elevation, channel density was observed to decrease, presumably from reduced tidal scour insufficient to prevent infilling of the smallest channels with sediments. The data set used to develop these marsh drainage-elevation relationships is relatively small, and additional systems should be evaluated for a more thorough test.
Conclusions
1. The sustainability of restored tidal marshes is dependent upon the balance between relative sea-level rise and sediment supply. Vertical accretion modeling of marshes in San Pablo Bay suggests that high marshes will be sustainable for median values of predicted sea level rise (3 to 5 mm yr -1 ) and moderate sediment availability (c. 100 mg L -1 ). Salt marshes restored at lower elevations necessary to aid the natural development of channel systems (modeled at 0.5 m below mean higher high water) will gain high marsh elevations within 100 years for these moderate conditions. As sediment concentrations fall (50 mg L -1 ) and/or relative sea-level rise accelerates (6 to 11 mm yr -1 ), marsh elevations will become lower relative to the tidal frame and predominant vegetation types may change as a result. Widespread marsh drowning is not expected. Under conditions of greater sediment availability (150 mg L -1 ), the model predicts that the marsh plain is capable of sustaining relative sea-level rise of up to 6 mm yr -1 .
2. Empirical accretion data for restored San Pablo Bay marshes indicate that existing accretion rates are 18 to 70 mm yr -1 for low marsh and 9 to 10 mm yr -1 for high marsh. These rates are representative of sedimentation sustained over years to decades. If these rates are halved to reflect potential decreases in sediment supply and/or long-term soil consolidation, they still outpace moderate rates of sea level rise (3 to 5 mm yr -1 ), with low marshes more resilient than high marshes.
3. Fresh water tidal wetlands in the Delta are expected to be more resilient to enhanced rates of sea-level rise and decreases in sediment supply than are the salt marshes of San Pablo Bay because of higher rates of organic production and slightly lower drowning elevations. Empirical data indicate existing accretion rates of roughly 9 to 18 mm yr -1 for low elevation restored marshes. Consolidation of fill material, if used, and the underlying peat soils will need to be considered in the restoration design to avoid possible marsh drowning.
4. Restored tidal marshes are dynamic estuarine landforms and their sustainability will depend on landscape scale processes. The ultimate long-term threat to the sustainability of tidal marshes is the presence of perimeter levees and fill which prevent the landward expansion of marshes as the shoreline erodes. The rate of shoreline erosion will likely be accelerated by increasing relative sea level rise and continued lowering of the mudflats.
